Cylindrical-vector beams (CVBs) with axial symmetry in polarization and field intensity are gathering increasing attention from fundamental research to practical applications. However, a majority of the CVBs are generated by modulating light beams in free space, and the temporal durations are far away from the ultrafast regime. Here, an ultrafast all-fiber based CVB laser is demonstrated via intermodal coupling in two mode fibers. In the temporal domain, chirp-free pulses are formed with combined actions of the ultrafast saturable absorption, self-phase modulation, and anomalous dispersion. In the spatial domain, the lateral offset splicing technique and a two mode fiber Bragg grating are adopted to excite and extract CVBs, respectively. The ultrafast CVB has an annular profile with a duration of 6.87 ps and a fundamental repetition rate of 13.16 MHz, and the output polarization status is switchable between radially and azimuthally polarized states. This allfiber-based ultrafast CVB laser is a simple, low-cost source for diversified applications of nanoparticle manipulation, high-resolution imaging, material processing, spatiotemporal nonlinear optics, etc. Laser beams with axial symmetry in both polarization and field intensity, the so-called cylindrical-vector beams (CVBs), are gathering increasing attention from fundamental research to practical applications. [1] [2] [3] [4] According to the spatial distribution of the polarization, CVBs are classified as radially polarized, azimuthally polarized, and hybridly polarized beams. Particularly, radially polarized beams can be focused into tighter focal spots with a strong longitudinal field component 5 and were applied in high-resolution imaging, 6 nanoparticle manipulation, 7 material processing, 8 plasmonic focusing, 9 and Z-scan technique, 10 etc. Various techniques have been developed to generate CVBs or vortex beams, such as axial birefringent components, spatial light modulators, angular gratings, and interferometric methods. [11] [12] [13] [14] [15] [16] [17] [18] [19] Very recently, by controlling the geometric phase in a solidstate laser, Forbes et al. demonstrated the direct generation of higher-order Poincar e sphere beams including vector vortex beams and CVBs. 20 Depending on whether gain media is used, these methods are categorized as passive (extra-cavity) [11] [12] [13] [14] [15] and active (intra-cavity). [16] [17] [18] 20 However, in free space, the generation system is rather complicate and tricky, and researchers need to overcome problems like insertion loss and assembling issue in applications of fiber-based communications, sensors, and lasers.
Currently, the generation of CVBs based on few mode fiber or specially designed fiber attracts increasing interest because these systems possess features of excellent flexibility, robust mode confinement, and compact structure. [21] [22] [23] [24] For a two mode fiber (TMF), it guides the fundamental mode LP 01 (HE 11 ) and the first group higher-order modes LP 11 (TE 01 , TM 01 , and HE 21 ) in the scalar (vector) approximation. As the eigenmodes TM 01 and TE 01 are radially and azimuthally polarized beams, respectively, 25, 26 CVBs can be obtained via exciting these modes in TMFs. By offset splicing single-mode fiber (SMF) with TMF or imposing an acoustic flexural wave on TMF to realize the intermodal coupling, continuous, [26] [27] [28] microseconds, 29 and nanoseconds, 30 CVBs were delivered in TMFs or TMF-based lasers. The durations of these CVBs are larger than several nanoseconds, and the ultrafast CVB laser has not been realized. Therefore, it is quite crucial to develop low-cost, all-fiber based ultrafast CVB lasers, especially for the application of spatiotemporal nonlinear optics. 31 In this paper, we demonstrate an ultrafast all-fiber based CVB laser via intermodal coupling in TMFs. A carbon nanotube saturable absorber (CNT-SA) sharpens the pulse into several picoseconds, while a lateral offset splicing technique and a two mode fiber Bragg grating (TM-FBG) excite and extract CVBs, respectively. The output CVB has an annular intensity profile with a duration of 6.87 ps and a repetition rate of 13.16 MHz, respectively. The proposed laser has an all-fiber configuration, and the operation status is switchable between radially and azimuthally polarized states, providing a costeffective ultrafast CVB source for practical applications.
The formation of the ultrafast CVB is based on combined functions of the mode-locking technique and transverse mode excitation/selection in TMFs. The laser resonator, CNT-SA, offset splicing spot (OSS), and TM-FBG are four key elements to generate ultrafast CVBs. As illustrated in Figure 1 , the laser beam sequentially passes through a wavelength division multiplexer (WDM), a 6-m erbium-doped fiber (EDF) (Nufen: EDFC-980-HP), a 3-port circulator, a lateral OSS, and then the laser is reflected by a TM-FBG and propagates through a CNT-SA and an output coupler (OC). A 980 nm LD pumps the EDF with the WDM. The total length of the SMF and TMF is 8. Published by AIP Publishing. 110, 021107-1 exported through a collimator connected to the end of the TM-FBG, and the transverse distribution of the CVBs is recorded by an infrared charge coupled device (CCD). The temporal behaviors of the CVB are measured from the OC.
An ultrafast CNT-SA is used to start and maintain the mode-locking operation. It is prepared by mixing CNTs with polyvinyl alcohol solution, and then evaporating them in a Petri dish, similar to the previous reports. [32] [33] [34] The side profile of the CNT film is shown in Figure 2(a) , which gives a thickness of 6.86 lm. The fiber-based SA is formed by sandwiching the CNT film between two facets of a fiber connector, and the nonlinear absorption property of the SA is measured with a balanced twin-detector technique. 35 As demonstrated in Figure 2(b) , the optical transmission increases with the intensity of the illuminating pulse and becomes saturated at a certain value, which is the representative property of SAs. 36 Through fitting the result with a common model, 37 the saturable intensity and modulation depth of the SA are given as 8.6 MW/cm 2 and 3.3%, respectively. The offset splicing technique is used to realize intermodal coupling between the fundamental mode and the first group higher-order modes, as illustrated in Figure 3(a) . Radially or azimuthally polarized modes can be excited when the two fibers are shifted in the transverse direction, while only the fundamental mode is visualized when the two fiber axes are aligned. 21, 25 The coupling efficiency of the fundamental mode to TM 01 (TE 01 ) can be obtained through the overlap between the electric field distributions of guided modes in the SMF and TMF, which can be described as
where E 1 (x,y) and E 2 (x,y) are the electric fields of the guided modes in the SMF and TMF, respectively. n eff,1 and n eff,2 are the corresponding effective refractive indices, respectively. Figure 3(b) shows that the coupling efficiency between the TM 01 mode and fundamental mode dramatically increases with an increase in the dislocation distance DR when DR < 5.2 lm. As DR approaches to 5.2 lm, the electric field of the TM 01 mode strongly overlaps with that of the fundamental mode and there exists a maximal coupling efficiency of 20.7%. When DR increases further, the coupling efficiency decreases with gradually subsiding overlap of the electric fields. Figure 3(c) shows the coupling behavior of the TE 01 mode at different DR, which is similar to that of TM 01 .
The finite element calculation results show that the TM 01 (TE 01 ) mode is excited when the polarization of the fundamental mode is parallel (perpendicular) to the dislocation direction. The corresponding intensity profiles and polarizations of TM 01 and TE 01 modes are shown in the inset of Figures 3(b) and 3(c) , respectively. This behavior could be explained by noting that the tangential electric field is continuous across the boundary of two fibers. Thus, by adjusting the orientation between the input polarization and the dislocation direction, the CVBs can be switched between radially and azimuthally polarized states.
Based on the aforementioned analyses, we use an optical fiber fusion splicer to realize the lateral misalignment between the SMF (Corning: SMF-28e) and TMF (OFS: Two mode step-index fiber), which allows the positioning and the setting of two fibers in a simple, precise, and reproducible manner. The TMF has a core radius of 7 lm, a cladding radius of 62.5 lm, and a step index difference of 0.005, respectively. The normalized frequency number of the TMF is 3.42 at 1550 nm; thus, only the fundamental mode and the first group higher-order vector modes can be guided in the fiber core. When an optimized lateral misalignment is found, the two fibers are fusion spliced together. The micrographs of two fibers before and after the splicing are illustrated in Figure 3(d) .
After the OSS, the fundamental mode and first group higher-order modes coexist in the TMFs. A TM-FBG, fabricated by exposing the TMF to a femtosecond Ti: sapphire laser, is used to select the CVBs. As depicted by the black curve in Figure 4(a) , the TM-FBG has three reflection peaks, in which peak 1 represents the 1st to 1st order mode reflection, peak 2 represents the 1st to 2nd order mode reflection, and peak 3 represents the 2nd to 2nd order mode reflection. 39 Thus, the TM-FBG reflects back the fundamental mode while exports the CVBs when the laser spectrum locates at peak 1 (1st to 1st order mode reflection). However, when the laser wavelength goes beyond peak 1, both the fundamental mode and the CVBs pass through the TM-FBG, and the mode purity will be decreased.
At the laser pump of 20 mW, a stable continuous laser is first obtained in the proposed fiber laser. Further tuning the laser pump to 75 mW, the self-start passive mode-locking state can be established. Herein, the spatial distributions of the laser could be the fundamental mode, the first group higher-order vector modes, or the combination of them. Further adjusting the PC before the OSS, azimuthally or radially polarized CVBs can be obtained, and the mode-locking state is still maintained. The temporal behaviors of the ultrafast CVB at the pump power of 80 mW are plotted in Figure  4 . As depicted by the blue curve in Figure 4 (a), the optical spectrum of the mode-locked pulse has a smooth profile without any spectral sidebands, which is caused by the spectral filtering of TM-FBG. 34, 40 The central wavelength and 3-dB bandwidth are 1550.5 nm and 0.34 nm, respectively. Note that the pulse spectrum is slightly broader than the reflection of the TM-FBG, which affects the mode purity of the CVB, and will be discussed in detail in the following paragraphs. As described in Figure 4(b) , the pulse duration is 6.87 ps using a Sech 2 fitting, which is calculated from the autocorrelation width of 10.5 ps. The time-bandwidth product of the laser is estimated as 0.31, suggesting that the pulse is a chirp-free soliton. The radio frequency spectrum in the inset of Figure 4 (b) demonstrates that the fundamental repetition rate of the pulse is 13.6 MHz. The signal-to-noise ratio is larger than 60 dB, confirming the high stability of the output pulses. The pulse-pulse interval is measured as 76 ns from The spatial distribution of the beam profile is shown in Figure 5 (a), which has an annular intensity profile with a dark spot at the center. The polarization state of the beam is analyzed by placing a polarizer in front of the CCD. After passing through the linear polarizer at four different orientations, the intensity distributions are shown in Figures  5(a 1 )-5(a 4 ) , respectively. The direction of the passed light rotates with the transmission axis of the polarizer, and the dark bands are always perpendicular to transmission axis of the polarizer, indicating that the output laser beam is radially polarized. 27 An azimuthally polarized ultrafast CVB can also be achieved by tuning the PC before the OSS, as shown in Figure 5(b) . It is demonstrated that the mode-locked fiber laser can deliver switchable radially or azimuthally polarized ultrafast CVBs. Three-dimensional images of the ultrafast CVBs are plotted to clearly understand the experimental results. As illustrated in Figure 5 (c), the profile and polarization of the CVB keep unchanged in the transverse plane. However, the real intensity of the CVB changes with the time following a Sech 2 function. Considering a transverse mode area of 158 lm 2 in TMF and a duration of 6.87 ps, the ultrafast CVB can be regarded as a hollow tubular beam with a length of 1410 lm viewed in the three-dimensional space. This mode-locked CVB operation can be transformed into a Q-switched state by pressing or bending the SMF near the PC 1 . Such transformation between two states is attributed to the press-or bend-induced loss on the fiber laser. For example, we find that a smaller (bigger) loss usually corresponds to a mode-locked (Q-switched) operation. The olivecoloured curves in Figures 4(a) and 4(d) show the optical spectrum and pulse train at a pump power of 141 mW, which give the spectral bandwidth of 0.03 nm, the pulse interval of 18.1 ls, and the pulse duration of 2.38 ls, respectively. The spatial intensity distributions of the Q-switched CVBs are shown in Figure 6 . One can find that the intensity contrast of the CVB in Figure 6 is better than that of Figure 5 , for example, the central singularity of the CVB in Figure 6 (a) is clearer than that of Figure 5(a) . Moreover, in the azimuthal direction, the field distribution of the CVB in Figure 6 (a) is more uniform than that of Figure 5(a) . Consequently, we infer that the purity of the Q-switched CVB is better than that of the mode-locked CVB, which can be attributed to the different spectral bandwidths of two pulses. As depicted in Figure 4 (a), the optical spectrum of the Q-switched pulse is quite narrow and locates at the center of the reflection spectrum of the TM-FBG. In this case, most of the linearly polarized fundamental modes is reflected back into the fiber resonator, and high-purity CVBs are exported from the cavity. However, the spectrum of mode-locked pulses is broader than the reflection spectrum of the TM-FBG. As a result, the fundamental mode that goes beyond the reflection spectrum leaks from the TM-FBG, and the purity of the mode-locked CVB is decreased due to the influence of the residual fundamental mode.
In conclusion, we demonstrate a mode-locked all-fiber laser allowing the direct generation of ultrafast CVBs via the mode conversion and selection with an OSS and TM-FBG, respectively. The radially polarized CVB has a temporal duration of 6.87 ps and a spectral bandwidth of 0.34 nm, respectively. By tuning the PC, the operation can be switched between the radially and azimuthally polarized states. It is indicated that pulses with cylindrical symmetry in polarization can exist in the TMF lasers, different from that of standard solitons with homogenous polarization states in the SMF lasers. The ultrafast CVBs exhibit unique features in both the temporal and spatial domains, providing a unique light source for spatiotemporal nonlinear optics, laser machining, nanoparticle manipulation, and spatial modedivision multiplexed systems. 41 This work was supported by the National Natural Science Foundation of China (Grant Nos. 61575162, 11634010, 61405161, 61675169, 61505165, and 11404262).
